An automatic system for simultaneous determination of K + , Na + , Cl -and Ca 2+ in serums was established on the basis of a negative-pressure flow-injection using micro-electrodes, and parameters of the system were optimized. The total ionic strength adjustment buffer consisted of 0.25 mmol L -1 K + , 48.6 mmol L -1 Na + , 2.56 mmol L -1 Cl -, 0.25 mmol L -1 Ca 2+ and 23 mmol L -1 Na2B4O7-H3BO3; the flow rate was 1.58 mL min -1 , the sampling volume was 45 μL, and the mixing coil length was 30 cm. The system could conduct 480 detections h -1
Introduction
The electrolytes in blood are very important to human health. The concentration levels of key electrolytes in normal human blood are in the range 3.5 -5. 4 2+ , respectively. 1 However, when the human body endures lesions in organs or is affected by exogenous factors, such as pancreatitis, hyperparathyroidism, diabetes, acidosis, pneumonia, and kidney disease, the metabolism of electrolytes will derange, namely, their concentrations will extend beyond the above ranges. If this condition is not promptly diagnosed and treated, physiological function and metabolism in the body would be impeded especially regarding the cardiovascular and nervous system. At times, the situation can be life-threatening. Therefore, it is very important to promptly and accurately measure the electrolyte concentrations in serum. This capability not only can provide necessary information to diagnose illness, but also can monitor the treatment process in a clinical laboratory. The determination of the electrolytes is an important clinical chemical test, and is routinely used in the emergency room testing. Successful testing methods for the determination of the electrolytes must be rapid and accurate.
At present, some analytical methods, such as flame spectrophotometry 2, 3 and manual ion-selective electrode method (ISE), [4] [5] [6] are used to determine the electrolyte concentrations. But none of these can simultaneously determine K + , Na + , Cland Ca 2+ in blood samples. In the 1990s, an electrolyte analyzer (EA) based on the ISE 7 became available. This technique can simultaneously determine these four electrolytes, but the analysis is relatively slow. The reason is because the EA system's detecting principle is based on the equilibrium of physical mixture and electrochemical process. The samples need to reside in the flow-through sensors for a long period to provide stable signals. This method thus leads to reduced sampling frequency, increased chances of the adsorption of the blood fibrin on the sensitive film of the electrodes, 8, 9 pollution of samples, 10 and rapid aging of the electrode film. 11, 12 It also leads to the decrease in the sensitivity and selectivity as well as the life of the sensors, 13 the fluctuation of the baselines, and the blockage of the flow channels in the sensors. Besides, the EA system uses air bubbling between the aspiration of the samples and the cleaning of the manifold. Hence, other than complicating the manifold design, it also results in "dry-wet" alternation exposure of the sensitive film that eventually may lead the performance of sensors to degrade. One more disadvantage of the EA method is the carryover between samples, which directly affects the accuracy of determination and complicates the detection procedure. FIA [14] [15] [16] [17] is a superior method. 18, 19 It features high sampling frequency, small sample consumption and high precision. So far, this method has also been successfully employed for automatic and quantitative analysis of complex components in biological, 20 electrical power, [21] [22] [23] environmental 24 and medical fields. 25 Here, we plan to expand the advantageous features of the FIA by combining this technique with flow-through ion-selective electrode to develop a new sensing system of negative-pressure flow-injection ion-selective electrode (NP-FI-ISE) for determining the electrolytes in bio-samples.
, and its RSD was less than 1.6%. , respectively. The ion concentration ranges were in ranges of human serum electrolytes. The system features minimized sorption of fibrin in sensors and prolonged sensor life. 
Experimental

Reagents and chemicals
All chemicals were of analytical-reagent grade. Ultra-purified water was used throughout this study (conductivity: 0.065 μS cm -1 ). Reagents used in this experiment were purchased from commercial sources as follows: bovine serum albumin (BSA) from Lizhu Biotechnology Co. (Shanghai, China); NaCl, KCl, Na2B4O7·10H2O, H3BO3, NaNO3, BaCl2, MnCl2·4H2O, FeCl3·6H2O, ZnCl2, C6H12O6, CaCl2·2H2O, NaHCO3, Na2HPO4, Na2SO4 and NaCO2CH3 from Kelong Chemical Co. (Chengdu, China).
The calibration solutions were prepared by dissolving NaCl, KCl, and CaCl2·2H2O in Na2B4O7-H3BO3 buffer solutions. The final concentrations of various ions were in the normal range of electrolyte species in serum samples. In the experiments, we prepared six calibration solutions. , and 23 mmol L -1 of Na2B4O7-H3BO3 (pH 7.40), this latter was used as the carrier fluid.
Apparatus
Analytical instruments used in this work mainly consisted of a self-made constant-pressure reagent bottle, two peristaltic pumps, an injection valve (Jitian Instruments Co., Beijing, China), four flow-through type K + , Na + , Cl -and Ca 2+ PVC-film microelectrodes (Huike Electronics Co., Zhengzhou, China), a self-made flow-through K + /Na + /Cl -/Ca 2+ sensor (4-MFES), and in-house programmed software for analyzing multi-channel signals (MSPS). In the 4-MFES, there are a flow-through common reference electrode and four working electrodes, which are connected together in series; when a tested sample passes through the center channels of five electrodes, the 4-MFES will give the output signals by the chronological order into the computer, and these signals are treated by the MSPS.
Design mechanism
The sensing system is different from those of traditional electrochemical methods. It has the following characteristics: (i) the injected sample plug is always in the dynamic non-equilibrium state in physical dispersion and electrochemical responses of sensors presented; 27 (ii) the calibration or sample solution can contact and react on the surface of the sensitive film in high reproducibility; (iii) the sensing system has shortened the detecting times of the electrolytes because of utilizing non-equilibrium signals. These characteristics provide a logarithm linear relationship between response potentials (ΔE) and the concentration of measured ion (c), which obeys the Nernst equation (ΔE = E 0 +(2.303RT/nF)log c, E 0 the standard electrode potential (mV), R the gas constant (8.314 J K -1 mol -1 ), T the absolute temperature (298 K), n the ionic charge, F the Faraday constant (96485 C mol -1 ), and c the concentration of measured ion). However, because the variation ranges of electrolyte concentrations are very narrow in human blood, the logarithmic linear relationship can be simplified to a simple linear relationship (ΔE = a + kc, k is the electrode response slope (mV L mmol -1 ); a the blank potential of electrode (mV)). In the sensing system, the simple linear equation is used for the simultaneous determination for K + , Na + , Cl -and Ca
2+
concentrations in serum sample, respectively.
Composition of the NP-FI-ISE sensing system
As shown in Fig. 1 , the sensing system consisted of the constant-pressure reagent bottle, two peristaltic pumps, the injection valve, a sampling loop, a mixing coil, the 4-MFES containing a flow-through type Ag/AgCl reference electrode (Eb   ref   ) , and the MSPS. In the system, the main pump P2 is located at the waste W2 of 4-MFES. All reagents are sucked into the system by the negative pressure from the pump. The design is aimed to avoid any leakages caused by blocking in the flow-through sensor, to reduce the connection ports between pipe-lines and pump tubes, and to maintain the constancy of the flow rate in the system. As a result, we hope to obtain more accurate measurements. The 4-MFES is connected with the MSPS which can control the output rates of the potential signals via an AD/DA module. The potential values from sensors can be recorded and collected continuously within a time period of 120 ms by the MSPS.
Principle of constant-pressure reagent bottle
The constant-pressure reagent bottle (CPRB) is detailed in the upper left of Fig. 1 . It is made up of a glass bottle, a glass capillary (length, 10 cm; inner diameter, 2.0 mm), a cork, and a piece of reagent-tubing. When the capillary is inserted into the liquid in the bottle, the pressure p2 at the end of the capillary is represented as: p2 = p1 + ρgh1 (p1, liquid surface pressure; g, gravity acceleration; ρ, liquid density; h1, height difference between the liquid surface and the capillary end). As the capillary is open to the atmosphere, p2 takes the value of the atmosphere pressure p0. So the depth of the capillary insertion Fig. 1 A negative-pressure flow-injection micro-electrode sensing system. S, sample; P1 and P2, pumps; TISAB, total ionic strength adjustment buffer; V, injection valve; SL, sampling loop; MC, mixing coil; 4-MFES, flow-through K + /Na + /Ca 2+ /Cl -sensor; W1 and W2, waste; MSPS, computer software for treating multi-channel signals; CPRB, constant pressure reagent bottle; p0, atmospheric pressure; p1, liquid surface pressure; p2, capillary's bottom pressure; p3, inlet pressure of reagent tubing; h1, height difference between the liquid surface and the capillary bottom; h2, height difference between the capillary bottom and the inlet of the reagent tubing; 1, glass capillary; 2, cork; 3 reagent tubing.
into the liquid does not change p2. The symbol h2 is the height difference between the inlet of the reagent tubing and the capillary end. When h2 is kept unchanged, pressure p3 (= p0 + ρgh2) at the inlet of the reagent tubing will not change with the decrease of liquid volume in the bottle until the capillary end is above the liquid surface. In the negative-pressure sensing system, if the reagent solution is placed in the constant-pressure bottle, pressure p3 within the reagent tubing will remain constant. As long as the inhaling rate of pump P2 is constant, the flow stability in the system can be maintained.
Determination procedure
When the injection valve is placed at the "sampling position", the calibration solution will be filled into the sampling loop (45 μL) by P1. Any excess sample solution is discharged via the first waste port W1. At the same time, under the inhaling force of P2, the carrier fluid TISAB consecutively flows through a bypass of the injection valve, the mixing coil and the 4-MFES sequentially to waste W2. Four potential differences of system baselines from K + , Na + , Cl -and Ca 2+ PVC-film electrodes in the sensor s, detected sample). During the detecting process, the carrier fluid follows the sample plug to instantly clean the electrode surfaces and the flow path in the sensor. The whole measurement can be carried out automatically by repeating the procedure.
Results and Discussion
Effects of the carrier fluid's flow rate and sampling volume
The effect of the carrier fluid's flow rate on the response potentials of the four electrodes was examined when the flow rate was increased from 0.45 to 2.30 mL min -1 . One test using No. 5 calibration solution is shown in Fig. 2(A) . Heights of the response signals given by K + , Na + and Ca 2+ electrodes gradually decrease, and their widths gradually narrow with the increase of the carrier fluid's flow rate. This shows that the sensitivity of these ions decreases and the sampling frequency increases with the increase in the carrier fluid's flow rate. In contrary, the response potential of the Cl -electrode shows an increasing trend with the increase in the carrier fluid's flow rate. Because the response signal given by the Cl -electrode is negative, as a result the sensitivity is increasing with decreasing the response potential. Therefore, all sensitivities of K + , Na + Ca 2+ and Cl -electrodes show the same change trends in the test. This can be explained by noting that, by increasing the carrier fluid's flow rate, the contact time between the sample plug and the electrodes is shortened. Because the sample volume is fixed, this reduction in contact time leads to decreased response times from the electrodes, consequently leading to reduced potential differences (ΔEs i ). To get a balance between the sensitivity and the analysis speed, we have chosen a flow rate of 1.58 mL min -1 for the remaining experiments.
The effect of the sampling volume on the response potential of the electrodes was examined with the volume chosen from 45 to 480 μL. The experimental results are shown in Fig. 2(B) . The response potentials of the K + , Na + and Ca 2+ electrodes gradually increase and that of the Cl -electrode gradually decreases with increasing sample volume up to 330 μL. When the volume is greater than 330 μL, the response potentials become nearly constant. We believe that with fixed flow rate of the carrier, the greater sample volume injected in the system increases the contacting time of the sample plug with the electrodes. Therefore, the electrode's response is moving toward the equilibrium and the ΔE values from four electrodes are becoming constant. Besides, recorded curves indicate that the times of the response signals returning to the baseline gradually increase with increasing the sample volume. The result is shown in the increased determination times and the decreased sampling frequency. We have chosen the sample volume at 45 μL, corresponding to a sampling frequency of 120 samples h -1 (480 detections h -1 ). The speed of our present method is much greater than those of the conventional electrochemical methods. 
Effect of the length of mixing coil
With the above mentioned two variables set, the length of the mixing coil (MC) was tested from 8.5 to 120 cm. As shown in Fig. S1 (Supporting Information), the response potentials of the electrodes were nearly constant when the mixing coil was increased from 8.5 to 60 cm. When the length was greater than 60 cm, the response potentials of K + , Na + and Ca 2+ electrodes began to decrease, thus, their sensitivities show a decreasing trend with the increase of the length. Conversely, the response potential of the Cl -electrode showed an increasing trend with the increase of the length. So the trend of the Cl -electrode sensitivity is the same as those of the others. With increased mixing coil length, the dispersion degree of the sample plug injected in the system becomes increased, and the ΔE values become lower. However, if the length is too short, the reproducibility of dynamic mixture between the carrier and the sample plug will become compromised. So the stabilities of the ionic strength and the pH in the system will be affected. The accuracy will be also affected in the process of determining serum samples. As a result, the mixing coil length of the remaining experiments is set at 30 cm.
Effect of buffer concentration
In the choice of buffer components for the sensing system, we should consider that some anions may react with Ca 2+ in the samples to form precipitation. They could also undergo electrochemical reactions with the chlorine electrode to interfere with the determination of the electrolytes. Therefore, a solution of H3BO3-Na2B4O7 (BBS) commonly used in clinical tests was selected as the buffer solution of the sensing system.
The effects of the Na2B4O7 concentrations in the BBS on the response potentials of the electrodes were examined for the range 5 -30 mmol L and pH constant in the calibration solutions. We also used NaCO2CH3 to balance the added Na + concentration from Na2B4O7 solution. As shown in Fig. S2 (Supporting Information) , the response potentials of K + , Na + and Ca 2+ electrodes display an increasing trend and that of the Cl -electrode demonstrates a decreasing trend when the Na2B4O7 concentration is increased. But their sensitivities (mV L mmol -1 ) all display the increasing trend (kK+, 1.84 → 2.39; kNa+, 0.07 → 0.10; kCl-, -0.06 → -0.22; kCa2+, 5.51 → 7.63) with the increase of the Na2B4O7 concentration in the carrier fluid and the mixed calibration solutions.
However, if one continues to increase the concentration of the buffer component Na2B4O7, the Na + concentration in the calibration solutions will go beyond the normal range of the Na + concentration in the serum. To keep the Na + concentration in the calibration solutions within the normal range, we have to reduce the amount of NaCl in the standard solution. But this will bring down the Cl -concentration in the calibration solution below the normal range of Cl -in serum. Therefore, the Na2B4O7 concentration in the buffer is set at 23 mmol L -1 .
Effect of pH value of the buffer solution
The effects of pH values: 5.8, 6.9, 7.4 and 9.3 in the buffer solution on the response potential of the electrodes were examined. The test results are as follows: ΔE3 K = 13.01 ± 0.01 mV, ΔE5 K = 18.52 ± 0.15 mV, ΔE3 Na = 5.38 ± 0.09 mV, ΔE5 Na = 6.47 ± 0.08 mV, ΔE3 Cl = -19.58 ± 0.36 mV, ΔE5 Cl = -22.82 ± 0.28 mV, ΔE3 Ca = 5.08 ± 0.28 mV, and ΔE5 Ca = 6.32 ± 0.18 mV. These results indicate that the response potentials of the electrodes are almost constant. Thus, we conclude that the pH of the buffer solution has no significant effects on the response potentials of the electrodes. Taking into account that Fig. 3 Effects of the ion concentrations in the carrier and mixed standard solution and effects of the flow rate of the mixed standard solutions. Real recording curves in the (A) reflected the effects of the ion concentrations in the carrier on response potentials of the four electrodes in the sensor; these curves in the (B) and (C) indicated the effects of the flow rates of the mixed standard solutions on dynamic and static potential differences in the sensing system under the fixed ion concentration; four curves in the (D) and (E) showed the change trends of ion concentrations of the mixed standard solutions affecting dynamic and static potential differences when the flow rate was fixed.
the pH value in normal serum is in the range 7.35 -7.45, we chose a value of 7.40 for the NP-FI-ISE system to determine serum samples.
Effect of concentrations of analytes in the carrier fluid
The effects of the concentrations of K + , Na + , Cl -and Ca 2+ in the carrier on the potentials of the electrodes were examined by using No. 5 calibration solution as the test sample. As shown in Fig. 3(A) , with increasing K + , Na + , Cl -and Ca 2+ 
Effects of flow rates and ion concentrations on dynamic and static potential differences
When the standard solution is continuously pumped into the sensing system and contacts with the flow-through electrodes in the sensor, the electrodes will generate the response signals, and gradually achieve the equilibrium states. The responses are called the dynamic equilibrium potential Ed i . When the standard solution is stopped at the electrode surface, the responses will gradually reach another equilibrium, the static equilibrium potential Es ) was used as the test sample to examine the dynamic and the static equilibrium potentials of the electrodes. We can examine the K + response in Fig. 3(B) as an example. ΔEds K is varied (2.0 to 1.5 mV) corresponding to the K + concentration change (1.0 to 5.5 mmol L -1 ). Experiment results indicate that the responses given by the four electrodes show a similar pattern. To further prove this point, we examined the effect of the sample solution's flow rate on ΔEds i from 0.54 to 2.98 mL min -1 . The test results are displayed in Fig. 3(C) . ΔEds i of the four electrodes increases with the increase of the flow rate. The potential difference can be defined as
In the equation, the Es i and Er i are constant when the standard solution either flows through or stops on the electrode surface, so the ΔEds i is only related with Ef i and is a function of the flow rate. In the sensing system, the solution composition, the length and diameter of the channel between the indicator electrode and reference electrode are constant, and the carrier fluid continuously flows through the electrode surface, so the streaming potential will not affect the determination of the sample.
In the test, the effects of the ion concentrations of K + , Na + , Cl -and Ca 2+ on the ΔEds i were examined at a constant flow rate (1.06 mL min -1 ). No. 1 through No. 6 solutions were used as test samples. The experimental results are shown in Fig. 3(D -E) . ΔEds i of the electrodes decreases with increasing the ion concentrations. The explanation is that Ef i is inversely proportional to the conductivity of the electrolyte solutions. . 2- , C6H12O6 and protein (as BSA calculation) in normal levels have no interferences with the sensing system when simultaneously determining K + , Na + , Cl -and Ca 2+ . In addition, K + , Na + , Cl -and Ca 2+ in calibration solution do not interfere with each other. Therefore, the system can be directly used for the determination of the four electrolytes in serum samples without pretreatment of the samples.
Examination of co-existing ions in serum
Reproducibility of the method and calibration curves
Under the optimized experimental conditions above, repeated experiments (n = 11) were conducted by using Nos. 3 and 5 calibration solutions as the test samples to examine the precision of the sensing system. The results are shown at the left in 
Determination of four electrolytes in serum
Three donated serum samples, collected from a hospital in Chengdu, were separated under centrifugal conditions of 20 min and 4000 rpm to provide the serum samples. The concentrations of K + , Na + , Cl -and Ca 2+ of the samples were simultaneously detected by using the sensing system under the optimal conditions, and the results are listed in Table 1 . Real curves are shown at the right in Fig. 4 .
Because the relationships between the concentrations of ions and the potential differences can also be seen as the simple linear correlation in the narrow ranges of electrolyte contents, we substitute the related data into the simple linear equations from Section of Reproducibility of the method and calibration curves. The electrolyte concentrations in serum samples are also calculated by the logarithmic regression equations. The results from the two treatments are the same.
To test the reliability of our system, a recovery experiment by adding standard ions into the serum samples was also conducted. To facilitate understanding, validation data from the NP-FI-ISE sensing system is summarized in Table 2 .
Conclusions
A rapid and accurate sensing system for simultaneous determination of K + , Na + , Cl -and Ca 2+ has been developed. The manifold is easily fabricated and its reproducibility is excellent. The recovery test shows that the matrix in the serum does not interfere with the determination. Compared with the conventional electrolyte-analysis methods, the sensing system has several advantages: (i) the carrier fluid continuously flows through the sensor to clean the flow path and to avoid the "dry-wet" alternation of the sensitive film of the electrode; (ii) the sample is injected into the system in the form of a sample plug and is not stopped at the surface of the sensor, so the carryover between different samples and the sorption of fibrin on the sensor surface and the clogging of the flow path are avoided; (iii) the method greatly reduces the sample consumption, and increases the analysis speed; and (iv) it prolongs the life of the sensor (these sensors have been used for two years). This novel sensing system is quite suitable for use in clinical laboratories or emergency treatment.
